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Introduction

Abstract

Objective: Circadian and multidien cycles of seizure occurrence are increasingly
discussed as to their biological underpinnings and in the context of seizure
forecasting. This study analyzes if patient reported seizures provide valid data
on such cyclical occurrence. Methods: We retrospectively studied if circadian
cycles derived from patient-based reporting reflect the objective seizure docu-
mentation in 2003 patients undergoing in-patient video-EEG monitoring.
Results: Only 24.1% of more than 29000 seizures documented were accompa-
nied by patient notifications. There was cyclical underreporting of seizures with
a maximum during nighttime, leading to significant deviations in the circadian
distribution of seizures. Significant cyclical deviations were found for focal epi-
lepsies originating from both, frontal and temporal lobes, and for different sei-
zure types (in particular, focal unaware and focal to bilateral tonic—clonic
seizures). Interpretation: Patient seizure diaries may reflect a cyclical reporting
bias rather than the true circadian seizure distributions. Cyclical underreporting
of seizures derived from patient-based reports alone may lead to suboptimal
treatment schemes, to an underestimation of seizure-associated risks, and may
pose problems for valid seizure forecasting. This finding strongly supports the
use of objective measures to monitor cyclical distributions of seizures and for
studies and treatment decisions based thereon.

model seizure propensity and forecast seizure occurrence.
In recent years, a number of publications have reported

Epileptic seizures appear to occur unpredictably, yet not at
random times. Individual patients may have predominant
occurrence times during the night, at awakening, or during
certain periods of the day, week, or month.! This may have
major implications for both, timely adapted treatment
schemes and for risk assessment and decisions on patient
monitoring. Moreover, the cyclical structure of the mani-
festation of epileptic seizures is relevant in several regards.
The distribution of seizures over time may provide data to
model endogenous®™* or exogenous™ factors modulating
brain excitability. Cyclical seizure distributions may be rele-
vant for SUDEP risk assessment.””® They may also be used
to timely adapt treatment schemes (“chronotherapy,” e.g.,
Ref.”). Furthermore, cyclical distributions of seizures, when
assessed over sufficient periods of time, may be used to

statistically significant prediction of seizure occurrences,
based on seizure diaries,'” based on non-EEG data derived
from wearables in combination with seizure occurrence
times reported by patients,'’ and based on ultralong-term
EEG recordings.'>'* The validity of patient-based seizure
documentation alone has, however, been questioned as
patients may not be aware of seizures, may have complete
or partial retrograde amnesia of seizure manifestations'” or
may document at false time points."*' Two studies
analyzing seizure reporting during in-hospital monitoring
found an underreporting of seizures across seizure
types.'”'® Under ambulatory conditions, a lack of correla-
tion between patient-based seizure documentation and sei-
zure patterns obtained from intracranial and subcutaneous
long-term recordings has been reported.'**
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Cyclical Seizure Underreporting

The question thus arises if underreporting of seizures
by patients affects the apparent cyclical distribution of sei-
zures in time, and if so, if the impact needs to be taken
into consideration when seizure diaries are used as out-
come measures, to assess seizure-associated risks, or as a
basis for seizure forecasting.

To address this issue, we analyzed in-hospital record-
ings from a large patient cohort undergoing video-EEG
monitoring for seizure documentation. We retrospectively
assessed patient-based seizure reporting as available from
time stamps from patients pushing an alarm button
within a time window of 10 min around documented sei-
zures, and we compared the timing of patient-reported
seizures with the circadian distribution of objectively
documented seizures based on the expert analysis of
simultaneous EEG and video-recordings. We hypothesized
that incomplete patient-based seizure reporting may affect
the apparent circadian distribution of seizure occurrence.

Methods

Data from n = 2003 patients undergoing long-term
video-EEG monitoring for a mean duration of 5 days at
the Freiburg Epilepsy Center, a European Reference Cen-
ter (EpiCare),”> were retrospectively reviewed for the
period January 2010-February 2022. About 1214 patients
(mean age: 32.8, range: 10-83, 49.6% female) presented
seizures during monitoring.

Not all epilepsies of these patients were classified.
Among the 1057 patients who had seizures and classifica-
tion information, 89.2% had focal epilepsy, of which
45.7% had a temporal and 14.8% had a frontal lobe ori-
gin; 11.5% of patients had idiopathic generalized epilepsy
(3 patients had both types of epilepsy). Similarly, seizure
types were classified as to the state of awareness only
when sufficient information from patient testing was
available.

An electronic EEG database was retrospectively ana-
lyzed for seizure markers identified by members of the
clinical team; these markers document the consensus
found in seizure conferences with board-certified clinical
neurophysiologists, based on the thorough visual EEG
and video-analysis performed by a team of an epileptolo-
gist and a technician. Markers include seizure onset times
as well as automatically stored times of push-button
events triggered by patients. Only clinically manifest sei-
zures but no subclinical electrographic events were
included in the analysis (for differentiating features see
Ref.”%). All patients had been instructed to push a button
placed in their monitoring bed, to report each of their
seizures whenever they had a feeling suggesting a seizure.
Patients aged less than 10 years were excluded from the
analysis as misunderstanding or inability to comply with
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performing seizure reporting might have biased the
results.

For patients with more than five seizures recorded dur-
ing monitoring, all except five randomly selected seizures
were excluded from all subsequent analyses, in order to
avoid overrepresentation of patients with a high seizure
frequency.

In an additional analysis, onset times of all seizures and
seizure-associated button presses were first averaged using
the circular mean on a per-patient basis, then the circular
means and medians of these averages were calculated.

Patient alarms and expert documentation of seizure
onsets were analyzed, and the circadian cyclical timing of
patient alarms was compared to objective timings of sei-
zure onsets. Patient-triggered button presses were consid-
ered associated with objective seizure timing when
markers of button presses were within a time window of
180 s before to 420 s after video-EEG-based markers of
seizure onset. A time window of 3 min prior to the onset
of EEG changes and objective seizure manifestations was
allowed to correctly classify ictal manifestations based on
subjective experiences (auras) as seizure related.

For seizures classified as focal aware, focal unaware,
and bilateral tonic—clonic, percentages of correctly noti-
fied seizures were calculated separately.

The circadian occurrence of patient-reported and of
objectively documented seizures was compared using
Watson’s two-sample test of homogeneity. Comparisons
with circular uniform distributions were done using Wat-
son’s goodness of fit test. Tests were run on the original
time points, without binning. Due to the limited number
of seizures per patient, cyclical reporting was studied only
across patients rather than intra-individually.

Results

Out of a total of 29142 seizures recorded in 1214 patients,
7037 (24.1%) were reported by button presses. The
median number of seizures recorded per patient was 9
(range: 1-619, mean: 24.0). The fraction of seizures
reported across individuals was, minimal = 0%,
maximal = 100%, mean = 31.7%, median = 16.7%. The
total number of tonic—clonic seizures in the complete
sample of 29142 seizures was 801, representing 2.7% of
all seizures.

After limiting the maximum number of seizures
included per patient to five, 5033 seizures, of which 1781
(35.4%) were reported by button presses, were used in
subsequent analyses. From this subset, classification infor-
mation was available for 2251 of these seizures, 533 of
which (23.7%) were classified as focal aware, 600 (26.7%)
as focal unaware, 419 (18.6%) as generalized tonic—clonic,
and 700 (31.2%) were unclassified.
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Patients reported by button press 71.1% of focal aware
seizures, 26.8% of focal unaware seizures, and 26.3% of
bilateral tonic—clonic seizures. About 15.8% of patients
with seizures correctly reported 80% or more of their sei-
zures, 8.8% correctly reported all seizures.

The analysis of circadian circular distributions of
hourly seizure occurrences showed a significant deviation
from a uniform distribution for both patient-reported
and objective seizure documentation (p < 0.01 in either
case, Watson’s goodness of fit test for the circular uni-
form distribution), demonstrating nonuniform circadian
distributions for both, seizures reported by patients and
for objectively documented seizures. Rates of video-EEG-
documented seizures were highest during nighttime and
the early morning hours, with a circular mean between at
5.36 AM (Fig. 1A), whereas rates of patient-reported sei-
zure occurrences were highest during daytime, with a cir-
cular mean at 2.46 PM (Fig. 1B). A large temporal
difference was also present when averaging seizure onset
times and button press times, respectively, across all the
seizures of individual patients and using the circular
mean or median of these per patient averages: mean sei-
zure onset time: 06:00 AM, median: 05:05 AM; mean and
median button press time: 03:15 PM.

There was a significant difference between the circadian
distributions of seizure-associated button presses and
objectively documented seizures, respectively (p < 0.001,
Watson’s two-sample test of homogeneity; Fig. 1C); the
fraction of seizures missed for patient-based reporting
reached a maximum during nighttime (Fig. 1D).

Cyclical underreporting in the pattern of seizure occur-
rence times was identified for several seizure types in focal
epilepsy (Figs 2 and 3). The temporal distributions of
reported and documented seizures were significantly dif-
ferent in focal to bilateral tonic—clonic seizures (Watson’s
test for homogeneity on two samples of circular data,
p <0.01). A considerable part or focal seizures was
unclassified as to whether awareness was preserved for the
complete seizure period. The temporal distributions of
reported and documented seizures were significantly dif-
ferent for the whole group of focal seizures, and for the
subgroups of unclassified focal seizures and focal unaware
seizures, respectively (Watson’s test for homogeneity on
two samples of circular data p < 0.01 for the whole
group, p < 0.001 for unclassified seizures, and p < 0.05
for focal unaware seizures), but not for focal aware sei-
zures. Patients who reported at least 80% of their seizures
had their seizures far more frequently during daytime
(Fig. 4A) and showed no significant difference in the dis-
tributions of documented and reported seizures.

Major differences between the timing of patient-
reported versus documented seizures were present also in
subgroups of patients with identified temporal lobe
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epilepsy, frontal lobe epilepsy, and idiopathic generalized
epilepsy. About 33.3% of seizures of temporal origin were
reported by patients, in contrast to only 19.9% of frontal
lobe seizures and 13.2% of primarily generalized seizures.
Differences in circular means of reported and documen-
ted seizures were largest in temporal lobe epilepsy
(3.12 PM in reported vs. 8.34 AM in documented sei-
zures; Fig. 4C), in the range of several hours in frontal
lobe epilepsy (0.56 AM for reported vs. 3:45 AM for
documented seizures; Fig. 4E), but with an almost sym-
metrical circular distribution for reported seizure times.
The temporal distributions of reported seizures were sig-
nificantly different from those of documented seizures in
all three subgroups (Watson’s test for homogeneity on
two samples of circular data, temporal lobe epilepsy:
p < 0.001; frontal lobe epilepsy: p < 0.01; idiopathic gen-
eralized epilepsy: p < 0.05).

Discussion

The analysis of more than 29000 seizures from more than
1200 patients with ascertained epilepsy provides evidence
of a cyclical circadian pattern of underreporting of sei-
zures. Not only was the majority of seizures unreported
by patients; this underreporting resulted in a major devia-
tion of the objective circadian distribution of seizures
from what patients reported. Diurnal variation in patient
reporting of seizure events was almost the inverse of the
diurnal variation of objectively documented seizures based
on video-EEG. Of note, the study did not include false-
positive patient-based seizure reporting, which may addi-
tionally widen the gap between objective and subjective
timing of seizures."”

A correct reporting of 24% of the complete set of sei-
zures (or 35.4% of a subgroup of seizures randomly
selected for statistical analysis) by patients as found here
is in the lower range of earlier reports'”'®*»** which
revealed an overall correct documentation of, respectively,
28-49% of seizures in smaller patient cohorts undergoing
in-patient video-EEG monitoring. This may depend on
the epilepsy syndromes assessed, and might reflect a lower
percentage of focal epilepsies of temporal origin in our
study. An even lower percentage (18.3%) of seizures cor-
rectly reported was, however, found under ambulatory
conditions when using objective documentation with the
NeuroVista implant based on combined intracranial EEG
and acoustic recordings'® and using ultralong subscalp
EEG recordings.'” Thus, underreporting of seizures was
confirmed in our analysis in a larger cohort comprising
patients across ages from 10 years and above. Problems
resulting for treatment decisions, in medicolegal issues
like permission to drive, and for the validity of clinical
trials have been highlighted recently.*>*°
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Figure 1. Rose plots showing the circadian distribution of objectively documented seizures (blue) and patient alarms (red). (A) Circadian
distribution of objectively documented seizures as occurring during time bins of 30 min. (B) Circadian distribution of patient-alarms. (C)
Superposition of patient reporting and video-EEG-based seizure documentation. (D) Ratio of the number of documented seizures and patient-
reported seizures for every time bin. The time of day (0-24 h) is indicated by the numbers on the outermost circle. The numbers on the
concentric inner circles indicate the event counts associated with bars of the same length as the radius of the respective circle. The arrows are
resultant vectors scaled down to 1/3 (A and C) or 1/6 (B and D) of their real length to make them fit into the plots. Note that not only is the
number of seizures objectively documented considerably higher at all times of the day and night, but also that the circadian distributions differ,
with a maximum of patient-reported events during the afternoon, and maximum objectively documented seizures during the night and the early
morning hours. There is a cyclical underreporting of seizures by patients with maximum underreporting during nighttime.

A preferred reporting of seizures by patients during “Seizure Tracker” in a very large patient cohort,”” similar
daytime, as found in our cohort, corresponds to the to in-hospital studies.'® Entries in seizure diaries thus
results of an analysis using the electronic seizure diary  appear to support the notion of cyclical dependencies of
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Figure 2. Circadian distributions of video-EEG and patient-based seizure documentation for bilateral tonic—clonic seizures (A and B), all focal
seizures (C and D), focal seizures unclassified to the state of awareness (E and F). The left column of plots (A, C, and E) represents seizure times
(blue) and button press times (red) separately whereas the right column (B, D, and F) shows the quotient of the number of seizures and the
number of button presses for every time bin, using the same data as the plot to its left. The time of day (24 h) is indicated by the numbers on
the outermost circle. The bin size is 30 min in A, C, and E, and 60 min in B, D, and F. The numbers on the concentric inner circles indicate the
event counts associated with bars of the same length as the radius of the respective circle. The arrows are resultant vectors scaled down to 1/3

(B-F), 1/5 (A) of their real length to make them fit into the plots.

seizure occurrence, as reported by Karoly et al.'® and
discussed in several recent studies of seizure
forecasting.'"** *° The circadian cycles with daytime pre-
ponderance of seizure occurrence, reported on the basis
of unvalidated patient-provided timing information, may,
however, at least in part, reflect a cyclical reporting bias
rather than the true circadian seizure distributions. Future
studies addressing sleep stages and the brain areas
involved in ictal spread may contribute to a better under-
standing of mechanisms involved in unawareness and
amnesia for seizures.

A limitation of this study is that it was performed
under in-hospital conditions which differ from an outpa-
tient setting, and that push-button events during video-
EEG monitoring may not necessarily be identical to
entries into seizure diaries; in particular, patients might
retrospectively enter seizure occurrence data in a diary
outside the 10-min time window chosen here to classify
button-presses as seizure related. This limitation is inher-
ent in using video-EEG-monitoring considered the gold
standard to identify and document seizures; seizures nei-
ther documented during the early ictal nor during the
immediate postictal phase are, however, certainly candi-
dates for underreporting also in a seizure diary. The iden-
tification of clinical events is limited even in an in-
hospital setting; thus very mild seizure forms may have
occurred which are underrepresented in this study (see
also Ref.”%). Depending on the presence of other persons,
seizure diaries which additionally include caregiver or
family member entries may better reflect the circadian
distribution than found in the setting of in-patient video-
EEG monitoring (see, however, underreporting also by
parents (Akman et al. 2009)).”" In addition, patients may
retrospectively report seizure types with overlasting post-
ictal impairments, in particular following bilateral tonic—
clonic seizures, at the time of awakening. Thus, quantita-
tively the peri-ictal time period of 10 min may overesti-
mate the degree of underreporting. On the other hand,
bilateral tonic—clonic seizures were a limited subgroup of
seizure, and retrospective reporting of seizures with long
delays cannot be expected to solve the problem of an
incorrect circadian attribution of seizure time points.

This study addressed circadian cycles rather than multi-
dien cycles of weeks to months, due to the limited dura-
tion of in-patient recordings.’> Thus, forecasting on a
daily basis as reported by Goldenholz et al.”* using seizure
diaries and as used in the study by Proix et al. (2021)
using data from intracranial EEG recordings may be less
affected by cyclical seizure underreporting.”*

The finding of a cyclical underreporting of seizures is
of considerable relevance for studies analyzing biological
mechanisms underlying seizure cycles, for studies asses-
sing treatment effects on seizure cycles,”> and for studies
aiming at forecasting seizures. Obviously in these settings,
the additional consideration of objective data for estab-
lishing the time distribution of seizures appears appropri-
ate in order to identify valid time points of seizure
occurrence (e.g., Ref.>). In particular, hourly forecasting
approaches based only on seizures which are reported by
patients may be suboptimal in the vast majority of cases,
as up to 75% of seizures would then remain neglected.
Importantly, we found a circadian bias in patient report-
ing. In-hospital optimization of seizure forecasting algo-
rithms is insufficient in many patients,”’ the use of
outpatient data in an ambulatory setting appears impera-
tive, and the use of seizure cycles, circadian or multidien,
have become of high interest in such long-term record-
ings. Using diaries only, however, may lead to inaccurate
estimation of forecasting performance, if correctly pre-
dicted seizure occurrence periods are falsely considered
seizure-free periods due to inadequate patient documen-
tation. Circadian underreporting, on the other hand, may
lead to suboptimal training of forecasting algorithms, if
distributions over time are based on patient alarms only.
New options to perform continuous ultralong objective
seizure assessment in outpatient settings'>'***?7 will
allow to study intra-individual cycles, as do studies with
intracranially implanted devices assessing EEG and clinical
seizure features.”®

Information as to how accurately patients are able to
document seizures is also critical for employing seizure
diaries for clinical decisions, including the assessment of
SUDEP risk,”®* particularly given the circadian underre-
porting of more severe seizure types. It may also be

1868 © 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Figure 3. Circadian distributions of video-EEG and patient-based seizure documentation for focal aware seizures (A and B), and focal unaware
seizures (C and D). The left column of plots (A and C) represents seizure times (blue) and button press times (red) separately whereas the right
column (B and D) shows the quotient of the number of seizures and the number of button presses for every time bin, using the same data as the
plot to its left. The time of day (24 h) is indicated by the numbers on the outermost circle. The bin size is 30 min in A and C and 60 min in B
and D. The numbers on the concentric inner circles indicate the event counts associated with bars of the same length as the radius of the
respective circle. The arrows are resultant vectors scaled down to 1/3 (B-D) or 1/6 (A) of their real length to make them fit into the plots.

crucial to define subpopulations which are appropriate to
conduct research. For the majority of patients, the circa-
dian underreporting of seizures as revealed here strongly
calls for basing the analyses of seizure occurrence patterns
on datasets integrating complementary information on

seizure occurrence times, for example, using data
obtained by wearables or ultralong EEG recording
systems.'* Time stamps integrating objective information
may considerably better serve as ground truths for the
assessment of the performance of detection and
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Figure 4. Circadian distributions of video-EEG and patient-based seizure documentation for patients with >80% success rate (A and B), temporal
lobe epilepsy (C and D), and frontal lobe epilepsy (E and F). The left column of plots (A, C, and E) represents seizure times (blue) and button press
times (red) separately, whereas each plot in the right column (B, D, and F) shows the quotient of the number of seizures and the number of
button presses for every time bin, using the same data as the plot to its left. The time of day (24 h) is indicated by the numbers on the
outermost circle. The bin size is 30 min in A, C, and E and 60 min in B, D, and F. The numbers on the concentric inner circles indicate the event
counts associated with bars of the same length as the radius of the respective circle. The arrows are resultant vectors scaled down (except for b)

to 1/3 (C, D, and F) or 1/6 (A and E) of their real length to make them fit into the plots.

prediction algorithms,”” by reducing the effects of cyclical
underreporting of seizures by patients.

Whereas the unawareness of epilepsy patients for the
majority of their seizures may be considered a disease-
specific feature, differences between the subjective and
objective severity of disease manifestations are relevant
also to other neurological diseases, calling for studies on
the relative role of patient-based reporting and objective
assessment also in other contexts (e.g., Refs. 2041,
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